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Introduction
Cobbold created the genus Acanthocheilonema with one species, Acanthocheilonema dracunculoides, from specimens collected from the aardwolf (Proteles cristatus: Hyaenidae) in South Africa [1] . The genus consists of 14 species which have a wide range of mammalian hosts (Carnivora, Macroscelidea, Rodentia, Pholidota, Edentata, and Marsupialia) from the major continents of the world.
Although a high degree of endemicity appears to characterize the species among several genera of filarioids obtained from mammalian hosts in Japan [2] [3] [4] [5] [6] [7] , no endemic species have yet been found in the genus Acanthocheilonema. The widespread species recorded in Japan are: A. reconditum (Grassi, 1889) from dogs in Okinawa [8] ; A. odendhali (Perry, 1967) and A. spirocauda (Leidy, 1858) from Pinnipedia in the coasts of Hokkaido [9, 10] .
Acanthocheilonema reconditum may be a zoonotic agent as shown recently in Australia [11] , similar to several filarial species from dogs, the most common being Dirofilaria immitis (Leidy, 1856) and Dirofilaria repens Railliet and Henry, 1911 [12, 13] , and Onchocerca lupi Rodonaja, 1967 with a single case from Turkey [14] . Onchocerca dewittei japonica Uni, Bain and Takaoka, 2001 from wild boar was identified as a zoonotic agent in Japan [15] [16] [17] . Because of the potential of onchocercid worms to infest humans, research endeavors on the fauna of filarial parasites and on their vectors are needed for public health [18] .
In this article, we describe a new species of Acanthocheilonema based on adult filarioids and the microfilariae collected from Japanese badgers and show its phylogenetic relationships by an analysis of the DNA sequences of its mitochondrial cytochrome c oxidase subunit 1 (cox1) gene. We also indicate the absence of the endosymbiont bacteria Wolbachia in the new species, because Wolbachia have biological and evolutional relationships to the Onchocercidae, as well as pathologic significance to humans [19] .
Materials and methods
The host animals examined for filarioids were Japanese badgers (Meles anakuma Temminck, 1844), an endemic animal of Japan.
Twenty-five animals were found in road-kill between December 2005 and May 2010 in the vicinity of Tanabe City, Wakayama Prefecture, Japan. The carcasses were shipped refrigerated to a laboratory for filarial examination one or two days after being found.
For the detection of microfilariae, skin snips were taken from the face, ears, neck, back, limbs, and tail of each animal by the methods described by Uni et al. [20] . Blood films were made from each badger and stained with 3% Giemsa's solution in 0.1 M phosphate butter (pH 6.8). For the detection of adult worms, skin and subcutaneous connective tissues of the whole animal were inspected under a stereomicroscope.
Adult worms detected were placed in 2% formalin in saline solution and the specimens were cleared in lactophenol for morphologic study. Drawings of the parasites were done by the use of a camera lucida. For histologic examinations, the midbody of a female parasite was embedded in paraffin by routine methods and the sections were stained with hematoxylin and eosin. Scanning electron microscopy (SEM) of the male worms was prepared as described elsewhere [4] . The body length of adult worms, the length of ovejector, and the length of area rugosa were measured in millimeters; the other dimensions in micrometers. Esophagus ratio (%) was determined as the ratio of the esophagus length to the body length. In the male, the caudal pairs of papillae were tentatively numbered on the basis of Chabaud and Petter [21] . The authorities of the new species are Uni and Bain.
For molecular analysis, three female worms were frozen at −20°C and were used to examine the nucleotide sequences of the mitochondrial cytochrome c oxidase subunit 1 (cox1) of these females as described in Agatsuma et al. [22] . DNA extraction and PCR amplification were carried out according to the methods in our previous study. The primers used for the cox1 mitochondrial region were COIinfF (5′-TGA TTG GTG GTT TTG GTA A-3′) and COIintR (5′-ATA AGT ACG AGT ATC AAT ATC-3′) [22] .
The cox1 sequences of the following 14 species from the GenBank were used in this analysis: Acanthocheilonema delicata n. sp. (accession number, tentatively registered); A. reconditum; A. viteae (Krepkogorskaya, 1933) [23] Pairwise distances in amino acid sequences of the cox1 gene among the 14 species mentioned above were obtained using the Jones-Taylor-Thornton (JTT) matrix-based model. The rate of variation among sites was modeled with a gamma distribution (MAGA 5) [26] . All positions containing gaps, missing data, or both gaps and missing data were eliminated. There were a total of 191 positions in the final dataset.
Phylogenetic analyses were done using the neighbor-joining (NJ) and maximum-likelihood (ML) methods in MEGA 5 (ver. 5) [26] .
Immunologic staining for Wolbachia was done according to the methods described by Kramer et al. [27] . Briefly, one female specimen of A. delicata n. sp. fixed in 4% paraformaldehyde was embedded in paraffin. Sections (4 μm thick) were made and placed on Silane (3-aminpropyltriethoxysilane)-coated glass slides. A rabbit polyclonal antiserum raised against the Wolbachia surface protein (WSP) of the endobacteria from Brugia pahangi (Buckley and Edeson, 1956) was used (1:2000) to stain sections of A. delicata n. sp. Sections of Litomosoides sigmodontis Chandler, 1931 were used as a positive control. Negative controls were done by omitting the primary antibody. PCR screening for Wolbachia of two females of A. delicata n. sp. was conducted following the methods described by Casiraghi et al. [28] and Ferri et al. [29] , using general Wolbachia primers for 16S rDNA. Small, thin, and delicate filarioids. Females long, twice as long as males (Table 1) . Anterior extremity slightly bulbous, bearing two sets of four papillae and amphids (Fig. 1A-B) . Buccal cavity distinct; buccal capsule with thick buccal ring (Fig. 1C-E) . Esophagus divided into short anterior muscular portion and long, broad posterior glandular portion (Fig. 1A) . Deirids at level of junction of muscular and glandular portions of esophagus (Fig. 1F-G) . Caudal extremity of females and males equipped with three conical lappets (detailed description in female, microfilaria, and male sections).
Female (19 complete specimens and 17 fragments; Fig. 1A-N) : female worms with body swelling at level posterior to vulva (Fig. 1A, *) . Cephalic end trapezoidal in most of specimens in lateral view. Head papillae (Fig. 1B) : anterior set of four external labial papillae and posterior set of four cephalic papillae; en face view, both sets in two squares; buccal cavity narrow with wall composed of two parts ( Fig. 1D) : cuticle of anterior part of head invaginated, widened near posterior buccal ring, and flattened on it; buccal ring as wide as esophagus apex. Length of buccal cavity 6 (holotype; range: 6-11)μm and length of buccal ring 2.5 (2.5) μm. Slits of amphids anterior to papillae (Fig. 1E, arrow) .
Nerve ring at middle level of anterior esophagus (Fig. 1A) . Deirids with short point 320 and 325 (320-380) μm from head ( Fig. 1F-G) .
Intermediary flat piece at junction of anterior and posterior parts of esophagus in some worms. Intestine narrower than glandular esophagus. Vulva, transverse slit at anterior level of glandular esophagus ( Fig. 1A and H) . Vagina with complex lumen; length/width: 70/70 (70-100/65-80) μm (Fig. 1H) . In vagina, transverse flattened short tube, chamber directed posteriorly and lined with thick epithelial cells, narrow tube directed anteriorly, and beginning of ovejector directed posteriorly. Long, thin, and straight ovejector 2.1-3.4 mm long (Fig. 1I ). Uteri narrow, straight, and opisthodelphic with aligned developing embryos.
At midbody (Fig. 1J) , lateral cuticular thickening (*) and lateral chord (LC) 40 μm wide. Single, lateral, deiridlike structure near level of anus, extending outwards from left lateral chord (Fig. 1K, arrow) . Ovary apices rounded, 340 and 710 (340-3000) μm from tail end (Fig. 1L, *) . Tail dorsally at level of anus. Three cuticular terminal lappets ventrally ( Fig. 1M-N) ; each lappet conical with terminal small nipple; at caudal end, two lateral extensions and shorter dorsal one of subcuticular tissue of body (Fig. 1M) . Phasmids subterminal at base of lateral lappets (Fig. 1N) .
Microfilaria ( Fig (Fig. 1P) ; head round with slight neck (Fig. 1Q ), distinctly in median view; cephalic space 5 μm long; column of body nuclei thinner than body width; nerve ring 37 μm and excretory pore 60 μm from head; tail 32 μm long. Tail attenuated; terminal end not sharp; anucleated terminal part 12 μm long. Microfilariae in skin snips of host animals tightly and spirally coiled in general.
Male (9 complete specimens and 2 fragments; Fig. 2 ): Anterior part with slightly bulbous cervix ( Fig. 2A) . Lateral thickening and lateral chord near nerve ring; width of lateral chords 12 (allotype; range: 12-14) μm ( Fig. 2A, *) . Length of buccal cavity 8 (6-8) μm; length of buccal ring 2.5 (2.0-2.5) μm (Fig. 2B-C) . Deirid posterior to nerve ring ( Fig Caudal papillae ( Fig. 2I ; O-R): regular arrangement consisted of four pairs of precloacal papillae numbered 1 to 4; two post-cloacal pairs (pairs 5 and 6) almost on same transverse line posteriorly close to cloacal aperture; pair 7 close to this line; pairs 8 and 9 near caudal end (pair 8 ventral; pair 9 lateral). Papillae of pairs 1 and 7 inconstant: one of papillae of pair 7 rarely at mid-length of tail (Fig. 2I) . Phasmids subterminal at base of lateral lappets. Tail end narrow, with three cuticular lappets ( Fig. 2Q-R) .
On transverse section of midbody of female, thicker cuticle at lateral fields than that of median field; 6-9 muscular cells per quadrant (Fig. 3) . In SEM pictures of male worms, deirid with small projection (0.7 μm long, Fig. 4) ; distance between cuticular striations at midbody 0.5 μm (Fig. 5) ; area rugosa: longitudinal rods with 2 μm high in transverse band and distance between bands 3 μm (Fig. 6) ; and three lappets at posterior end, with phasmidial pore at base of lateral lappet (Fig. 7 , arrow).
Taxonomic summary
Host: Meles anakuma Temminck, 1844 (Japanese badger), Mustelidae, Carnivora.
Habitat: Adult worms in the subcutaneous connective tissues. Microfilariae in the skin, mainly of the back. No microfilariae of the present filarioid in the blood films of the badgers examined.
Type locality: Mountainside, Nakaheji-cho, Tanabe City, Wakayama Prefecture, Japan.
Collection dates: Type specimens on 7-8 May 2009. Specimens deposited: Holotype (female, N37), Collection number of the Museum National d'Histoire Naturelle (MNHN), Paris, 91YU; allotype (male, N46), Collection number of MNHN, 91YU; paratypes females (N40, N43) and males (N22, N30), Collection number of MNHN, 91YU. Paratypes females (N4, N7) and males (N2, N10) in the Kyoto University Museum, Kyoto, Japan. Fragments of specimens (AG1-3) used for DNA analysis at Kochi University.
Prevalence and distribution of adult worms and microfilariae of A. delicata n. sp. in Japanese badgers
Adult specimens of A. delicata n. sp. (47 worms) were collected from only one badger (ID no. A15): 36 females and 11 males. Thirty-eight specimens were found in the subcutaneous connective tissues in the anterior part of the body and the thoracic limbs of the host animal; nine specimens were found in the posterior part of the body and the pelvic limbs. As the animal had less adipose tissue in the early summer, the small adult worms were found under the stereomicroscope. Microfilariae of A. delicata n. sp. were found in 14 (56%) of 25 badgers (ID no. A1-A25) from which skin snips were taken ( Table 2 ). The highest detection rate of the microfilariae was obtained in the skin of the midback; the largest number of microfilariae was 160 microfilariae/cm 2 in the skin of the neck of the badger (ID no. A15).
The host animal (ID no. A15) that harbored this filarioid was very thin and showed no apparent lesions in the tissues near the adult worms. We dissected some ticks on the host animals, but no filarial larvae were found.
Molecular analyses
To examine the taxonomic position of A. delicata n. sp., DNA sequence from the cox1 gene (621 bp) was determined and multiple sequence alignment analyses were carried out by the use of amino acid sequences. Pairwise divergences among the 14 species of filarioids were calculated, taking into account amino acid sequences of cox1 (Table 3 ). The intra-genus distances obtained were 0.147, 0.139, and 0.121 for Onchocerca, Cercopithifilaria, and Acanthocheilonema, respectively. Likewise, the inter-genus distances were 0.217, 0.222, and 0.231, between Onchocerca and Cercopithifilaria, between Onchocerca and Acanthocheilonema, and between Cercopithifilaria and Acanthocheilonema, respectively. Overall mean distance among all of the species used in this study was 0.236. The result of alignment analyses showed that the amino acid sequence of A. delicata n. sp. was close to those of two species of Acanthocheilonema, but mean genetic distance was 0.231 among the three species of Acanthocheilonema and the value fell within those among seven separate species of Cercopithifilaria as well as between two species of Onchocerca (Table 3) .
The NJ tree showed that A. delicata n. sp. was positioned within a cluster with two congeneric species, A. reconditum and A. viteae, indicating these to be monophyletic (Fig. 8) . A similar topology was obtained in the ML tree at the generic level, although positions of the species slightly differed within the genus Cercopithifilaria (Fig. 9) .
Wolbachia screening
Sections of a female A. delicata n. sp. were negative for the Wolbachia in the intestine, hypodermis (lateral chords), and muscular cells by immunohistologic staining. PCR analysis was also negative.
Comparisons with related Acanthocheilonema species
The present new species belongs to the genus Acanthocheilonema on the basis of the following diagnostic characteristics: the buccal [ 51, 52] capsule with a distinct posterior ring, the esophagus with well-developed glandular part, and the tail with caudal lappets in both sexes [30] [31] [32] .
Acanthocheilonema delicata n. sp. and 14 other congeneric species are listed ( Table 1 ). The specimens herein described have been first discovered from Japanese badgers (M. anakuma) among Mustelidae. Comparisons of A. delicata n. sp. with 14 known species were done on the body length, esophagus length, esophagus ratios, body width, spicule length, and the length of microfilariae. Distinctive characteristics are indicated below.
Adult worms of A. dracunculoides Cobbold, 1870 are at least twice as thick as those of A. delicata n. sp.; the microfilariae with a filamentous tail, whereas the microfilariae of A. delicata n. sp. lack a sharp tail [33, 34] . Adult worms of A. filaria (Kou, 1958) have the longest esophagus among the genus; one pair of ventral subterminal lappets and two small lobes in the female tail end [35] . Microfilariae of A. filaria (= D. fausti) have a filamentous tail [36] .
Adult worms of A. mansonbahri (Nelson, 1961 ) have a round head with neck, a particularly short esophagus, and a larger axial lappet than the two lateral ones [37] . Females of A. mephitis (Webster and Beauregard, 1964 ) have a body five times as large with thick conical, straight tail than that of A. delicata n. sp. [38] . Adult worms of A. odendhali have greater body and the left spicule has a bifurcated tip [39, 40] ; the microfilariae have long cephalic hook and filamentous tail [40] .
In A. pachycephalum (Ortlepp, 1961 ) three small caudal points are found in the female; three or four round tubercles on the tail end of the male [32, 41] . Adult worms of A. pricei (Vaz and Pereira, 1934) have a short esophagus [42] .
Acanthcheilonema procyonis (Price, 1955 ) is similar to our specimens with a high esophagus ratio, but the tail end is equipped with four lappets in both sexes [43, 44] . Microfilariae of A. procyonis and A. delicata n. sp. have a tiny cephalic hook and a short nonfilamentous tail. Acanthocheilonema reconditum together with A. delicata n. sp. has the smallest adult worms in the genus, but the microfilariae are longer than A. delicata n. sp. [45] and have a filamentous tail [8] .
Acanthocheilonema sabanicolae Eberhard and Campo-Aasen, 1986 distinctly differs from A. delicata n. sp. and other congeners, because the anterior esophagus is longer than the posterior esophagus [46] . Adult worms of A. setariosa (Mönnig, 1926) have a large and thick body; the esophagus ratios are low (the sex of these worms was not indicated) [47] .
The tail in the male of A. spirocauda terminates in four tubercles [48] and has been examined in detail by SEM [49] vis-à-vis three salient conical lappets in our specimens. Adult worms of A. viteae have a short esophagus and the male has a long left spicule [50] . Adult worms of A. weissi (Seurat, 1914 ) have a short and thick body [51] ; the microfilariae have a long body with a conspicuous cephalic hook and a filamentous tail [52] .
Regarding parasitic locations of adult worms and microfilariae of Acanthocheilonema species in the host animals (Table 1) , adult worms of eight species including A. delicata n. sp. occur in the subcutaneous connective tissues and the remaining species occur in various other tissues; microfilariae of eight species occur in the blood and only three species (A. delicata n. sp., A. procyonis, and A. sabanicolae) occur in the skin. Therefore, we conclude that A. delicata n. sp. found from the Japanese badgers can be distinguished from all the 14 Acanthocheilonema species on the basis of morphologic characteristics and parasitic locations in the host animals.
DNA sequences of the cox1 gene of A. delicata n. sp. indicated that the present new species was included in the clade of the genus Acanthocheilonema but distinguishable from two other congeneric species, A. viteae and A. reconditum.
Discussion
Species of Cercopithifilaria and Onchocerca were also found to be monophyletic, and clustered together; the cluster of these two genera was grouped with that of Acanthocheilonema (Figs. 8 and 9) . Mansonella (C.) perforata was basal to the cluster consisting of three genera (Cercopithifilaria, Onchocerca, and Acanthocheilonema). F. martis was found to be basal to all of these filarioids. These findings obtained by the molecular analysis established the genus Acanthocheilonema defined by morphologic characteristics [53] .
Regarding the vectors, the louse-fly, fleas, and lice have been recorded to harbor Acanthocheilonema species [34, 37, 45] . In the present study, we did not find any potential vectors of this filarioid. Wolbachia endosymbionts were not detected in A. delicata n. sp. by immunohistologic examination and PCR screening. The result is similar to the previous findings that the endosymbionts are not present in A. viteae and A. reconditum [19] . The loss of Wolbachia is likely to have occurred in the evolution of an ancestral species of Acanthocheilonema in Onchocercinae, because Wolbachia-like gene sequences were incorporated in the filarial nuclear genomes of the endobacteria-free A. viteae [54] . Many species of the other filarioids in the subfamily possess the endosymbionts, with which they have coevolved since one infection event [29] .
Chabaud and Bain [55] have suggested that the Acanthocheilonema lineage originated in Africa and expanded to the Oriental and Holarctic regions, and later to South America. From the present study, A. delicata n. sp. from Japanese badgers is closely similar to A. procyonis from raccoons in the North America. The morphologic similarity has been found between Mansonella (Mansonella) akitensis (Uni, 1983 ) from bears in Japan and two congeneric American species, M. (M.) interstitium (Price, 1962 ) from the gray squirrel and M. (M.) llewellyni (Price, 1962) from the raccoon [25, 56] . Dirofilaria ursi Yamaguti, 1941 has been found from bears in Japan and North America [25] . These findings suggest that the geographic expansion of filarioids has occurred by means of the migration of host animals from Eurasia towards North America through the Bering Land Bridge [57] .
Eurasian badgers are divided into four species according to their mitochondrial DNA as well as morphologic characteristics: Meles meles in Europe, an unspecified species in Southwest Asia, M. leucurus in North and East Asia, and M. anakuma in Japan [58, 59] . Suzuki [60] suggested that half of more than 100 species of mammals recorded from the Japanese islands are endemic and maintain their own lineages.
We have examined 20 species of filarioids in five genera (Acanthocheilonema, Cercopithifilaria, Loxodontofilaria, Mansonella, and Onchocerca) from endemic mammals such as badgers, bears, boars, serows, and sika deer living on the Japanese Archipelago, and have to date found 15 new species (with A. delicata n. sp.) and one new subspecies; four other species (A. reconditum, A. spirocauda, A. odendhali, and O. skrjabini) were not endemic [3, 4, 7] . It is likely that the fauna of filarioids from mammals on the Japanese islands is characterized by a high level of endemicity. 
